Harvesting trials were performed during the winter and spring of [2003][2004] 
Over the last 100 years, western juniper (Juniperus occidentalis) has greatly increased its dominance throughout eastern Oregon, northeastern California, and southwestern
Idaho. There are now over 3.8 million ac with 10% or more juniper canopy cover, of which at least 1 million ac have a juniper canopy cover equal to or exceeding 20% (Azuma et al. 2005) . Twenty percent or more juniper canopy cover is a key indicator of loss of vegetative diversity, groundcover, rangeland health, watershed function, and wildlife habitat (Swan 1997 . Available online at www.juniper.oregonstate. edu/harvest.htm; last accessed Dec. 15, 2005) . On the other hand, juniper is the least-used wood fiber resource in its range. In part, this underutilization is caused by perceptions about juniper's wood characteristics (difficulty in sawing and drying), low sawing recovery rates (less than 50%), and market potentials. Efforts to commercialize western juniper have occurred off and on for at least 50 years. In the past, juniper utilizing enterprises in central Oregon have not been able to secure an adequate and stable enough supply to serve the new market demand (Central Oregon Intergovernmental Council 2005) . One of the key barriers to successful commercialization identified in many of these efforts was the cost to harvest juniper (Coulter and Coulter 2001 . Available online at www.juniper.oregonstate.edu/harvest01.pdf; last accessed Dec. 15, 2005) .
Juniper-dominated sites often show a marked decline in overall health as measured by ground cover, forage production, loss of wildlife habitat, and overall reduction in biodiversity (Swan 1997 . Available online at www.juniper. oregonstate.edu/harvest.htm; last accessed Dec. 15, 2005) . As juniper density and canopy cover increase there is a loss of understory ground cover and herbaceous production, infiltration rates are reduced, surface runoff is increased, and soil erosion is increased (Bedell et al. 1993) . In central Oregon, community-based organizations are now leading the way in restoring rangelands, improving watershed function, and creating family wage jobs through the harvest, product development, and marketing of western juniper.
Discussions of potential juniper harvesting systems have recommended low-cost systems assuming that a potential contractor would not be willing or able to afford more than $75,000 for a complete system, especially when dealing with a low-value product such as juniper (Swan 1997 . Available online at www.juniper.oregonstate.edu/harvest. htm; last accessed Dec. 15, 2005) . Based on these reports, harvest trials were designed to explore the use of used or shop-built equipment and low-skilled labor (Coulter and Coulter 2001 . Available online at www.juniper.oregonstate. edu/harvest01.pdf; last accessed Dec. 15, 2005) . Results of these studies indicated that specialty built harvest systems were plagued by breakdowns, the need to fabricate all replacement parts, and operator limitations that were caused by lack of training and familiarity with the equipment.
This study challenged this notion by comparing a conventional, low-cost system with a system composed of existing, modern commercial logging equipment. The objectives of this study were to explore the costs, productivity, and soil impacts of a mechanized harvest system against a conventional system for the purpose of commercially harvesting western juniper. Pretreatment vegetative data were collected and included tree stand characteristics (tree size and density), understory vegetation, and a measure of soil density. The study used timber-harvesting businesses that employed skilled equipment operators and timber fallers. Previous western juniper harvesting studies have either focused on the vegetative and site impacts of juniper removal (i.e., Brockway et al. [2002] With the use of mechanized equipment on rangeland soils, soil compaction is of great concern to landowners and public land managers. A unique component of this study was estimating soil compaction using a soil penetrometer. An additional component of this study not reported here includes short-and long-term range responses, primarily vegetative response, to juniper removal.
Methods

Study Site
Harvest trials were conducted on private lands located approximately 14 miles northeast of Prineville, Oregon. Three units were selected representing (1) a low-elevation stand of pure juniper on a southern aspect (juniper South), (2) a low-elevation stand of pure juniper on a northern aspect (juniper north), and (3) a higher-elevation, mixed stand of ponderosa pine (Pinus ponderosa) and juniper on a southeastern aspect (mixed). Each unit was 25 ac in size and was divided equally between the two harvesting systems. A control site that was not harvested was located adjacent to each unit. Table 1 summarizes stand characteristics for the three sites.
The study areas are located in the Crooked River Watershed of the Deschutes River basin, and are within the John Day Ecological Province (Anderson et al. 1998 ). This province is typified by exposed ancient sediments and tuffaceous materials representing various geologic formations. Elevations in the study area range from 3,300 to 3,700 ft. Annual precipitation is 12 in. with over 70% occurring as winter snow or spring rain. Three soil types are found in the study area (Table 2) .
Harvesting Systems
Two systems were compared on the basis of production and costs. The first system, referred to as the conventional system, consisted of manual felling, delimbing, and bucking using a chainsaw, and skidding with an older-model used Caterpillar 518 rubber-tired skidder (Caterpiller Inc., Peoria, IL) with a grapple. The second system, referred to as the mechanical system, used a Timbco 445 feller-buncher (Komatsu, Shawano, WI) with a bar saw to fall and bunch stems, a Caterpillar 525 rubber-tired skidder (Caterpiller Inc., Peoria, IL) equipped with tire chains and a swing grapple to skid bunches of stems to a central landing, and a Denis 3400 (Denharco, Woodland, WA) stroke-boom delimber mounted on a Thunderbird 736DL (Madill Corp., Kalama, WA) to delimb and buck logs to length on the For the mixed stands, "J" refers to juniper trees per acre (TPA), "P" refers to pine trees per acre, and "A" refers to all stems combined. site index values are per Sauerwein (1982) .
landing. System components and hourly costs are summarized in Table 3 .
Data Collection and Analysis
Equipment Productivity
Within each of the three units, each system harvested a contiguous 12.5 ac. The majority of harvesting took place over snow or frozen ground during the winter of [2003] [2004] . The decision to harvest these stands in the winter was based on (a) the greatest improvement in range health occurs after a winter cut as opposed to a spring or summer harvest (Bedell et al. 1993) , (b) grant timing and the need to collect pretreatment stand and soil data, and (c) logging contractor availability. Because of steeper slopes in the mixed stand as compared with the pure juniper stands and a lack of tire chains for the Cat 518 skidder, the conventional system skidded the mixed stand in the late spring of 2004. Detailed time and motion data were taken for a sample of each process for each system working in each of the three units (Table 4) . These data were used to develop predictive equations of average cycle time for felling, skidding, and processing whole trees into logs. Independent variables were selected after observing each process and breaking each down into logical components.
Vegetation Measurements
Preharvest vegetation data were collected and included understory vegetative cover, density, and frequency for major plant species and plant groups (grasses, forbs, and shrubs) per Miller et al. (2000) . Three permanent plots per treatment (including control) per site were established. Plot size was 196 (60 m) by 131 ft (40 m), staked with fence posts in three of the plot corners for permanent recording, and marked with flagging at each of the four corners for temporary identification. Within each plot three permanent transects were established. Three 196-ft transects were located along the 131-ft line spaced every 66 ft. Tree counts were recorded within a 6 by 196-ft (2 by 60 m) strip cruise. Trees were recorded in the following classes: seedlings (less than 1 ft in height), juveniles (1-3 ft), saplings (3-10 ft), subadults (trees with pointy leader growth), and mature or old-growth trees (trees with rounded tops). Data measured for subadult and mature juniper trees were dbh and total tree height (estimated using a 10-ft pole). Pine trees were measured for dbh and total height.
Soil Compaction
Soil compaction was measured using a soil penetrometer (Herrick and Jones 2002) . Because of the rocky nature of *Delimbing and bucking in the conventional system was completed by both the timber faller in the woods ($50/hr) and by a chaser on the landing ($25/hr). In both years, soil moisture was at the lowest point of the year, the soil was not frozen and no snow was on the ground. Soil moisture readings were not taken.
Tree Volume Estimation
Volume for individual juniper trees was estimated using Chittester and MacLean (1984) :
where CFTS ϭ total cubic volume excluding all branches; CV4 ϭ cubic foot volume from a 12 in. stump to a 4-in. top; BA ϭ square foot basal area; H ϭ total tree height in feet; D ϭ diameter in inches at breast height outside bark.
This equation was developed using only dominant, tall (greater than 18 ft in height), good-form juniper and therefore its appropriateness for use with poor-form, subdominant trees is questionable. However the development of a new volume relationship was beyond the scope of this study.
Heights were not taken for individual stems within multistemmed trees. A height-diameter relationship developed from the inventory data was assumed to be appropriate for individual stems of multistemmed trees. For volume calculations, stems of multiple-stemmed trees where the division occurred below breast height (4.5 ft) were treated as individual trees.
Volume estimates for each harvest unit are shown in Figure 1 . To convert cubic foot volume to tons, an average green (approximately 40% moisture content) density of 36 lb/ft 3 was assumed.
Results
Conventional System
Felling in the conventional harvesting system was performed with a chainsaw operated by an experienced timber faller. A felling cycle consisted of prelimbing as much of the tree as possible while it was still standing (25% of the total cycle time), felling (19%), limbing (33%), bucking (2%), and moving into position for the next tree (6%). Log lengths were not measured and small end diameters were determined by an ocular estimate of 6 in. Delays averaged 15% of the total cycle time per tree and most commonly included refueling the chainsaw. A backward stepwise regression was performed using variables representing harvest unit, BA, and diameter. Time required to fell a tree increased with the diameter of the tree per Equation 3 (adjusted R 2 ϭ 0.70; SE ϭ 0.70; n ϭ 325; Figure 2 ).
where CF ϭ productive cycle time to conventionally fell and limb, in minutes.
At an average diameter of 12 in., the average time to fall a tree was equal to 2.39 minutes, including delay, or Figure 2. Predicted versus measured total productive cycle times for felling and delimbing western juniper using a chainsaw in the conventional harvest system. $1.99/tree. Swan (Swan 1997. Available online at www.juniper.oregonstate.edu/harvest.htm; last accessed Dec. 15, 2005) reported an average of 4.6 minutes or $2.30/tree to prelimb and fell using semiskilled fallers ($30/hour) with an average 12.6-in. dbh. A skidding cycle consisted of the skidder traveling unloaded from the landing to the first stem to be skidded (on average 21% of the total cycle time), bunching of individual stems into a turn (37%), skidding the turn to the landing (17%), and pushing logs into a deck (23%). The average skidding distance was 350 ft with a turn of three trees. Only stems of sawlog quality were skidded to the landing. All others were left in the unit and later piled. One operator worked in all three units with a second operator occasionally operating the skidder in juniper south. When the contractor was able to skid the mixed unit in the spring he first spent 8 hours prebunching merchantable stems before skidding. A backward stepwise regression was performed using variables representing harvest unit, skidding distance, number of stems per turn, and operator. The average delay per turn was 0.16 minutes. This gives an average total turn time of 5.51 minutes ($1.68/stem) for the pure stands and 13.15 minutes ($4.02/stem) for the mixed stand, including prebunching, assuming an average skidding distance of 350 ft and a turn of three trees.
The faller did not remove all limbs from the stems; therefore, a chaser used a chainsaw at the landing to remove the remaining limbs. Forty percent of the chaser's time was spent delimbing with the remainder waiting for the skidder to return to the landing with the next turn for a total of 1.60 minutes/stem ($0.67/stem). Table 5 presents a comparison of per piece costs per component and total costs per piece, per cubic foot, and per ton for each harvest unit.
Mechanical System
A winter snowfall occurred immediately before harvesting in the mixed stand. With a large amount of snow stored in the tree canopies, anytime the operator bumped a tree a large cloud of snow would obscure his vision. Therefore, the operator would use a cut tree to knock the snow off of standing trees, adding to the cycle time. This snow was a confounding variable not directly included in the models. Separate models for mechanical felling were developed for the mixed stand and for the two pure juniper stands.
The felling cycle using a feller-buncher consisted of positioning the machine (23% of the total cycle time on average in the pure juniper stands, 37% in the mixed stand), grabbing the tree with the felling head and felling (40% in the pure stands, 20% in the mixed stand), and bunching the tree with other stems (30% in the pure stands, 29% in the mixed stand). Backward stepwise regressions were performed using variables describing the harvest unit and stem diameter. A skidding cycle within the mechanical system consisted of the skidder traveling unloaded from the landing to the prebunched turn to be skidded (25% of the total cycle time), assembling a turn (11%), and skidding the turn to the 
where MS ϭ productive cycle time for mechanical skidding, in minutes; Dist ϭ skidding distance in ft.
Delays accounted for 30% (1.20 minutes) of the average cycle time. Ninety-five percent of these delays were either the skidder waiting at the landing for the delimber to finish processing trees from the previous turn (64% of total delays) or involved compacting the slash pile created by the delimber at the landing (31% of total delays). Including delays, the average total turn time was 5.21 minutes. The average skidding distance was 325 ft. The average turn consisted of nine stems, of which 2.5 stems yielded sawlogs. Unlike the conventional system where only merchantable logs were skidded to a central landing, the mechanical system skidded all stems as whole trees. With an average of nine stems per turn, this yields a skidding cost of $1.06/stem. If only those stems that contained sawlogs are considered in cost calculations, it cost an average of $3.82/sawlog to skid stems to a central landing.
The stroke-boom delimber remained stationary at a central landing and processed trees into logs as the skidder brought turns into the landing. As turns were brought into the landing, the delimber would sort sawlogs from nonsawlogs, delimb and buck sawlogs to length, and deck logs. Delays generally resulted from the delimber waiting for the skidder to deliver another turn of logs. Because of a poor correlation between juniper diameter and form, no meaningful relationship between tree size and delimbing time was found (P ϭ 0.27). A statistically significant difference was found between the time required to sort (P ϭ 0.41) and to delimb and buck (P ϭ Ͻ0.001) in the mixed and juniper north units as compared with juniper south. No statistical difference between the mixed and juniper north units was found (P ϭ 0.213 comparing productive cycle times). Table  6 presents average cycle component times. On average, it took 1.73 minutes per stem in the mixed and juniper north units ($3.17/sawlog) and 2.04 minutes per stem in juniper south ($3.74/sawlog). Table 7 presents a comparison of per piece costs per component and total costs per piece, per cubic foot, and per ton for each harvest unit.
A limited trial of 65 stems was conducted in the mixed stand to examine the changes in productivity and costs if fence posts were manufactured also. It was found that, on average, manufacturing a fence post from a tree that also contained a sawlog increased the total time to manufacture a single stem from 1.33 minutes ($2.44) per stem including delays for a sawlog alone to 1.56 minutes ($2.86) per stem for a sawlog and a fence post. Bucking fence posts from stems that also included a sawlog increased the number of merchantable logs (both sawlogs and fence posts) per stem to 1.7. This resulted in a per piece cost of $1.52. To manufacture fence posts from a stem that does not also contain a sawlog, the total time to delimb and buck the stem averaged 1.14 minutes ($2.10) and resulted in 1.3 merchantable logs per stem. This merchandizing scheme resulted in a cost per log of $1.83. The impact of these three merchandizing scenarios on the costs per piece, per cubic foot, and per ton for the mixed unit is presented in Table 8 .
Soil Compaction
Soil penetrometer readings were taken pre-and postharvest at the same points along established transects. A paired t-test with an alpha (␣) of 0.05 was use to compare blow counts between pre-and postharvest measurements (Table  9) . Data pairs where one or both measurements hit rock were discarded for the analysis. A significant difference between pre-and postharvest blow counts was found in the control units at depths of 4 to 8 in., in the conventional harvest units at depths of 4 and 8 in., and at a depth of 2 in. in the mechanical harvest units (Figure 7) . No significant difference in the test statistic (postharvest blow count minus the preharvest blow count) for the two harvest types was found at any depth (P ϭ 0.461, 0.418, 0.624, and 0.525 for depths of 2, 4, 6, and 8 in., respectively). A significant difference between the test statistic in the control units and the harvested units was found at depths of 2 and 4 in. (P ϭ 0.032 and 0.001, respectively), but not at the deeper depths (P ϭ 0.212 and 0.665 for 6-and 8-in. depths, respectively).
Discussion
Tree form appeared to have a large impact on the time required to fell trees and to delimb trees both manually and mechanically. Trees in the juniper south unit had larger and more numerous limbs, were multistemmed more often, and had smaller height-to-diameter ratios (more taper) than trees in the other units. Trees in the mixed unit were generally the best form trees of the three units, had smaller and fewer limbs, were more often single-stemmed, and had larger height to diameter ratios (less taper). No tree form classification exists for juniper and was not used in this study. The development of a classification system for juniper tree form that includes both quantitative and qualitative descriptions of each class would be useful for future studies.
For most of this study, only stems large enough to be categorized as sawlogs (straight, at least 8 ft long, and 6 in. in diameter at the small end) were considered to be merchantable. This left a large number of juniper stems that were unused. With the mechanical system, all stems were cut and skidded to a central landing. Those stems that were not of sawlog quality were then placed in a large slash pile. This had two consequences. First, a large amount of slash and other nonmerchantable material was piled at the landing, providing a large obstacle to operate around; and second, costs were spread out over a smaller pool of merchantable products, increasing the per unit production price (Table 8 and Figure 8 ).
There was a large difference in production rates between the two harvest systems included in this study. It took the conventional system 1-2 weeks to harvest each unit whereas the mechanical system took 2 days to cut and 1 day to skid and delimb the same volume of juniper in each unit. For some managers, the time required to harvest an area may be as, if not more, important than the per unit price of harvesting.
No breakdowns or delays longer than 30 minutes were recorded for either harvesting system, and they were not known to occur at any time during the study. Equipment breakdowns have the potential to greatly increase production costs, especially with the older equipment used in the conventional system. This needs to be recognized and taken into account when extrapolating these results to other juniper harvesting situations.
Soil moisture readings were not taken for either sampling period. Although soil penetrometer readings were taken at the same time in the fall for both pre-and postharvest time periods, the study site experienced approximately 2 in. of fall rains before postharvest data collection. The data, nonetheless, suggest that both harvesting systems did cause an increase in soil compaction in the top 4 in. of the soil profile but that there was no difference between the two systems in terms of soil impacts. Although some soil compaction from harvesting is likely, managers felt that this compaction was within acceptable limits and was an The first four rows of each merchandizing scenario are in terms of $/piece. Cost estimates assume a 12-in. average diameter and a 350-ft skidding distance.
appropriate trade-off compared with the benefits of juniper removal.
In the mixed stand, the skidder operator for the conventional system attempted to save time (and therefore reduce costs) by prebunching the unit using the grapple skidder. This prebunching increased the total cost of bunching in the mixed unit nearly 140% over the other two units where stems were not bunched before assembling a turn during the skidding cycle (Table 5 ).
The feller buncher spent a disproportionate amount of time cutting and bunching nonmerchantable stems as compared with the manual felling. For example, the faller using a chainsaw spent 23% of his time limbing and felling stems less than 10 in. in diameter while this same material occupied 66% of the feller buncher's time. It would be worthwhile for future studies to look at alternative ways to fall small-diameter material. One option may be to have the feller buncher fall the larger, merchantable trees followed by a faller with a chainsaw to cut the remaining small-diameter trees. Another option would be to use a feller buncher with a hot saw (rotary disc cutting head) as opposed to the bar saw used in this study. With a hot saw the operator would not need to grab each stem to fell it and it could be faster than the bar saw in small-diameter material only if these trees do not need to be bunched and skidded to a central landing.
Many of the delays that were observed in this study resulted from unbalanced harvest systems (Tables 5 and 7) . Future studies may benefit from exploring alternative system designs to better use each component of the harvesting system. For example, in the mechanical system the skidder waited for the stroke-boom delimber to finish processing the previous turn of stems before delivering the next turn to the landing. Decoupling these two components could potentially increase the overall efficiency of the harvesting system.
Conclusion
Two harvesting systems were applied to three stands of western juniper in central Oregon. The first of these two systems was a conventional harvesting system composed of manual felling and delimbing with a chainsaw and skidding with a rubber-tired grapple skidder. The other harvesting system studied was a mechanical system composed of felling and bunching with a feller-buncher, skidding whole stems with a rubber-tired grapple skidder, and limbing and bucking at a central landing with a stroke-boom delimber. Stump to deck cost estimates ranged from $32.15 to $49.48/ton ($0.58 to $0.89/ft 3 ) for the conventional system and from $60.07 to $63.11/ton ($0.08 to $0.14/ft 3 ) for the mechanical system.
A limited trial of three merchandizing scenarios was performed with the mechanical harvest system in the mixed stand. The three scenarios were to produce sawlogs only (minimum of 8 ft in length with a small end diameter of at least six in.), to produce fence posts (minimum of 6 ft in length with a small-end diameter of at least 4 in.) out of the tops of stems that also contained a sawlog, and to produce both fence posts and sawlogs out of all stems of sufficient size. Producing sawlogs only resulted in a stump to deck cost of $60.74/ton, also producing fence posts out of stems that also contained sawlogs resulted in a cost of $36.89/ton, and producing both fence posts and sawlogs cost $31.56/ton.
A soil penetrometer was used to measure soil compaction the fall before harvest and the fall after harvest. A statistically significant difference was found between the blow counts required to reach depths of 2 and 4 in. in the harvested units and the control units. There was no difference between the two harvesting systems. Although this data suggest harvesting did cause some soil compaction in the top 4 in. of the soil profile, managers did not feel this level of compaction was outside acceptable limits.
